Based on accurate X-ray structure analysis of GdB 6 over the temperature range 85-300 K it has been shown that anomalously strong charge carrier scattering in the quantum diffusion regime of charge transport in this compound arises due to the formation of (i) dynamically coupled Gd 3+ dimers of about 3.3 Å in size with an energy of quasi-local oscillations ~ 7 -8 meV and (ii) dynamic charge stripes along the [001] direction of the cubic lattice. It has been revealed that anharmonic approximation is useful when analyzing the static and dynamic components of the atomic displacement parameters of gadolinium. The barrier height of double-well potential of Gd 3+ ions was determined both from low-temperature heat capacity measurements and from the electron density distribution reconstructed from X-ray data. 
1. Introduction. A short time after the discovery of high-temperature superconductivity in cuprates, it became clear that the highest critical temperatures T c were observed in materials with a linear temperature dependence of resistivity ρ(T) (see, for example, [1] [2] [3] [4] [5] ), which could be extended to very high temperatures (~ 1000 K [1] ) leading to violation of the Mott-Ioffe-Regel limit [6] . Later, a similar behavior of ρ(T) was found in pnictides [7] [8] and organic superconductors [9] [10] as well as in many heavy fermionic metals and superconductors [11] [12] including those located in the vicinity of quantum critical point (QCP) [13] . Many different mechanisms were proposed to explain this effect, including quantum critical theories [13] and more exotic approaches, but its nature is the subject of active debate so far. As shown by the analysis of experimental results obtained for Sr 3 Ru 2 O 7 in the vicinity of QCP [14] , the linear dependence of resistivity can be characterized by the same carrier scattering frequency in conductors of different classes. A single description can thus be offered in terms of diffusion transport with a diffusion coefficient which has a value close to the quantum limit D = ħ/m*, where ħ is the Planck constant and m* is the effective mass of charge carriers [11] .
Taking into account that all the above-listed strongly correlated electronic systems (SCES) have complicated electronic and crystal structures, it is of interest to study a single-crystal conductor with a cubic crystal structure and with T-linear resistivity. Fine structure details and mechanisms of carrier scattering, which cause the appearance of a diffusion regime of charge transport near the quantum limit, seem to be in this case the most promising for study. In this work, single crystals of gadolinium hexaboride GdB 6 with a simple cubic structure similar to that of CaB 6 (Fig.1a) and a T-linear resistivity ρ(T) was opted to study fine details of the crystal and electronic structure, static and dynamic components of atomic displacement parameters and specific heat. Unlike some SCES located in the vicinity of QCP, GdB 6 is an antiferromagnetic (AF) metal (Néel temperature T N ≈ 16 K [15] ), in which the majority of charge carriers (~70%) are non-equilibrium (hot) electrons, which participate in the formation of collective mode [16] already at room temperature. In the present study it is shown that dynamically coupled Gd dimers in combination with dynamic charge stripes are formed in GdB 6 with the temperature lowering ( Fig.1b-d ) and create very strong charge carrier scattering in the quantum diffusion regime.
Experimental techniques
High-quality single crystals of GdB 6 were grown by vertical crucible-free induction melting in an argon gas atmosphere. Preparation and characterization details of rare earth (RE) higher borides used in thermal and structural studies are described elsewhere [17] [18] [19] [20] . Heat capacity was measured on a PPMS-9 (Quantum Design, Inc.) installation; measurements of 3 resistance were performed in a four-terminal scheme with a direct current commutation. Singlecrystal X-ray data were collected with extremely high accuracy at nine temperatures in the range 85 -300 K using an Xcalibur diffractometer (Rigaku Oxford Diffraction) equipped with a CCD detector EOS S2.
Results and discussion
3.1. Resistivity and specific heat. Temperature dependences of resistivity ρ(T) and specific heat C(T) of GdB 6 are shown in Fig. 2a and 2b , correspondingly. As in [15] , a linear ρ(T) dependence is registered here in the range of 30-300 K and at T N ≈ 16 K strong anomalies are observed, which are associated with the AF transition. Similar data for a non-magnetic reference compound LaB 6 are presented, whose resistivity is 4-30 times lower than that of GdB 6 .
The comparison of low-temperature heat capacity curves (Fig. 2b) (Fig. 2d ). For GdB 6 , additionally to a huge anomaly at T N ≈ 16 K we detect also a large-amplitude Schottky component C Sch (Fig. 2e ) that corresponds to a barrier height of ΔE ≈ 37 K in double-well potential (DWP). It is worth noting that the Schottky contribution is about three orders of magnitude higher than it may be estimated from any possible magnetic anomaly caused by isolated Gd ions, therefore, it should be attributed to magneto-vibrating states of Gd-pairs (see below) located in the DWPs. previously observed in the dodecaboride LuB 12 [24] . Since trigonal distortions of the LuB 12 lattice are highly likely to be the key factors determining the occurrence of dynamic charge stripes in higher borides, it is of interest to analyze difference Fourier maps of GdB 6 for possible symmetry violations as it was done in case of LuB 12 . The Fourier synthesis of electron density (ED) does not require information on crystal symmetry being based on reflection intensities and atomic coordinates. This allows to analyze fine crystal structure details on symmetryindependent difference Fourier maps [18, 19, 24] . Visible (100), (010) and (001) distortions, the structure defects (boron vacancies [17, 22] and the structure disorder due to isotopic substitutions 10 B-11 B in the boron sublattice (natural isotope distribution is 18.8% 10 B and 81.2% 11 B), the formation of selected direction along the charge stripes leads to the appearance of uniaxial anisotropy in these cubic crystals.
Evidently the appearance of additional ED at distances of about ± 0.5 Å from the Gd site should be analyzed in terms of double-well potentials and anharmonic vibrations of Gd-ions.
One-particle potential V OPP (u) in a point distant by a vector u from a selected atom can be estimated from the formula [25] :
where G(u) is the generalized atomic probability density function. In our work, pseudo-potential curves were drawn along stripes in the (100) plane at each of nine temperatures using the formula (1) with symmetry-independent ED values of g(u) instead of symmetry-restricted values of G(u) in order to estimate the barrier heights ΔE(T) in the DWP of the Gd 3+ ion. Legality of such a replacement is discussed in [25] . Calculated from X-ray data the ΔE(T) dependence is presented in Fig. 2g where the DWP barrier height obtained from heat capacity measurements is 5 also shown for comparison. The tendency to a decrease of ΔE(T) below 8 meV with the temperature lowering in the range 20-200K (Fig.2g ) is in accordance with the softening of Gd quasilocal mode observed in [26, 27] by inelastic X-ray scattering. On the other hand, authors of [26] [27] oscillators what allows to fit the temperature-dependent parameters u eq (Gd) and u eq (B) by Einstein (2) and Debye (3) formulas, respectively:
where h, k B are Planck and Boltzmann constants, m a is atomic mass, θ E and θ D are the Einstein and Debye temperatures and is the static mean-square displacement. In Eqs. (2) and (3) there are two dynamic components of the equivalent atomic displacement u eq which correspond to the thermal and zero-temperature vibrations of these atoms, and one static term that determines the temperature-independent shift of these atoms from their lattice sites. This static term arises mainly due to boron vacancies (the occurrence of about 1-9% of vacancies at boron sites has been detected in RB 6 [22] ) and substitutional disorder which is present in RE hexaborides with natural (18.8% 10 B and 81.2% 11 B) boron composition.
Difference Fourier maps of residual ED (Fig. 4) accurately indicate the appearance of GdGd dimers at room temperature and this tendency increases strongly with the temperature lowering. The observed result is in accord with the dynamical Jahn-Teller (JT) model proposed by T. Kasuya for GdB 6 where each Gd atom distorts to a quasistable position along each [001] direction and the ground state is arranged as a linear combination of six equivalent sites keeping cubic symmetry (pair-distorted dynamic JT effect) [32] . Moreover, a detailed Raman study [29] has shown that the low frequency vibration of R-ions in RB 6 cannot be regarded as an independent mode, but as a coherent mode with long-range interaction between R-ions. Taking these findings into account we have developed here a model in which the role of independent oscillators is assigned to the Gd-Gd dimers. The dimer components, on the contrary, lose their independence, and their displacements may be anharmonic. To test this hypothesis, we re-refined the structure of GdB 6 at nine temperatures, taking into account the anharmonicity of Gd ions up to the sixth order (model I). The previous harmonic model was named II for comparison. The values of u eq (Gd) from model I were assigned to u eq (Gd-Gd) and substituted into Eq. (2) together with doubled atomic mass 2m a (Gd-Gd) to estimate the Einstein temperature. Similar estimation was done from model II using corresponding u eq (Gd) and a single atomic mass m a (Gd). The resulting u eq (B) values were almost equal for both models. Those from model I were then substituted into (3) to estimate the Debye temperature.
The set of parameters deduced by the analysis based on Eqs. (2)- (3) in models I and II is presented in Table 1 . It contains values of θ E and θ D as well as zero temperature atomic vibrations <u 2 > zero obtained from Eqs. (2) and (3) at T = 0, static components <u 2 > shift , and summary temperature independent components <u 2 > sum = <u 2 > shift + <u 2 > zero . As can be seen from Table 1 , the refined value of the Debye temperature θ D (I) = 1206 ± 48 K coincides within the limits of accuracy with θ D = 1160 K derived from heat capacity measurements (Fig. 2c) . The Einstein temperature θ E (I) ≈ 80 K determined on the assumption of Gd-Gd dimers is less than θ E (II) ≈ 90 K but, in general, it corresponds to the energy of 7 ÷ 8 meV of the Gd quasilocal mode found in [26] [27] [28] . For Gd ions in model I, the contribution of the static component to the temperature independent atomic displacement parameter <u 2 > sum is an order of magnitude higher than that from <u 2 > zero , while two these contributions are almost equal for the B atoms.
Moreover, in the case of vibrationally coupled Gd dimers (model I) the total (static plus dynamic) mean-square displacements of the heavy Gd atom (m a  157 amu) exceed significantly those of the light B atom (m a  11 amu) (Fig. 5a, b) . The same situation was discussed in detail in [22] where the inequality u eq (B) < u eq (R) was found to be valid for all studied RE hexaborides (R = La, Ce, Pr, Nd, Sm, Gd, Eu). 6 . When discussing the nature of (i) the large amplitude atomic displacements in GdB 6 , (ii) the formation of the dynamically coupled Gd-Gd dimers and (iii) the appearance of dynamic charge stripes at low temperatures observed in the present study for the first time, it is worth noting also the recent results of dynamic conductivity investigation of Gd x La 1-x B 6 [16] . In particular, it has been found in [16] that there are two components in the dynamic conductivity spectra, and, additionally to the contribution from Drude electrons a strong collective mode has been observed with a frequency of ~ 1000 cm -1 and with a damping of 2200 cm -1 (overdamped oscillator), which includes up to 70% of the conduction electrons available in these metals. The collective mode is typical for systems with cooperative dynamic Jahn-Teller (JT) effect in boron clusters [33] [34] and in the case of GdB 6 it results from JT instability of B 6 molecules. In this scenario the cooperative high-frequency JT boron vibrations cause the rattling modes of Gd ions, which are quasilocal low-frequency vibrations (Einstein mode). The Einstein oscillators are characterized by very large vibration amplitude that leads to strong variation of the 5d-2p hybridization of electronic states of Gd and boron ions. According to the results of band structure calculations for RE hexaborides [35] [36] [37] the Gd 5d and B 2p states contribute to the conduction bands. Thus, the modulation of the conduction band produces "hot charge carriers", which in turn are strongly scattered on the Gd quasilocal mode. With the temperature lowering these oscillating hot electrons in GdB 6 form a filamentary structure (dynamic charge stripes), which is detected in present study and shown on the ED maps of Fig. 4 . As shown in Fig. 4 , a structure of nanometer size AC-conducting channels is formed at low temperatures in the (100) plane of GdB 6 . The channels are oriented approximately in the [001] direction and they are accompanied with formation of vibrationcoupled Gd-pairs. As a result, the strongest charge carriers scattering in GdB 6 is due to (i) the boron sub-lattice JT instability and (ii) the appearance of the non-equilibrium (hot) electrons 8 which involved in the high frequency (~240 GHz [34] ) quantum motion in dynamic charge stripes.
Electronic and lattice instability in GdB

Conclusion.
Fine details of the crystal and electronic structure have been studied in combination with features of the atomic dynamics in GdB 6 , which is located in vicinity of the quantum diffusion regime of the charge transport and demonstrates a wide range linear temperature dependence of resistivity. As a result of high-precision X-ray diffraction studies of high-quality single crystals of GdB 6 in the temperature range 85-300K, it has been shown that already at room temperature Gd ions combine into dynamically coupled Gd-Gd dimers. With the temperature decrease, the emergence of dynamic charge stripes is observed in the vicinity of the (100) planes forming a nanometer size filamentary structure of AC-conducting channels in the
[001] direction. It has been concluded that just these two factors representing the lattice and electron instabilities are responsible for the extremely strong charge carrier scattering which leads to the diffusion regime of the charge transport in GdB 6 . The size of Gd-Gd dimers is estimated to be ~3.3Å, and variation of the barrier height in the double-well potential is within the 3-8 meV limit. Gd cation U Gd as obtained from models I and II (see text for details).
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